Objectives: Transforaminal percutaneous endoscopic discectomy (TPED) is one of the most commonly used minimally invasive spine surgeries around the world. However, conventional surgical planning and intraoperative procedures for TPED have relied on surgeons' experience, which limits its standardization and popularization. Virtual reality (VR) is a novel technology for pre-surgical planning in various fields of medicine, while isocentric navigation can guide intraoperative procedures for TPED. The present study aimed to explore the feasibility of applying VR combined with isocentric navigation in TPED on cadavers.
Introduction
L ow back pain and sciatic pain are commonly attributed to symptomatic lumbar disc herniation (LDH) 1, 2 . With the development of medical instruments and optic techniques, minimally invasive spine surgery (MISS) has been widely used in LDH all over the world [3] [4] [5] . MISS has several identified advantages compared to open spine surgery, including less tissue injury, reduced blood loss, minimal postoperative pain, lower postoperative expense, and shorter hospital stays [6] [7] [8] [9] . Transforaminal percutaneous endoscopic discectomy (TPED) is a frequently used MISS because of the abovementioned advantages 10 . TPED has been demonstrated to have non-inferior efficacy to open microdiscectomy 11 . However, learning and mastering TPED is a great challenge, because the surgeon needs to blindly build an optimal surgical trajectory, including an ideal puncture followed by the placement of the working channel, which largely relies on surgeons' experience 12 . TPED requires repeated and frequent fluoroscopy to localize and calibrate the medical instruments to the optimal trajectory, but the inconvenient truth is that many surgeons do not have the capacity to transform the two-dimensional fluoroscopy images into three-dimensional (3D) images. In addition, the repeated X-ray fluoroscopy may result in radiation exposure for the surgeons and patients, potentially negatively impacting junior surgeons' confidence as well as surgeons' and patients' health [13] [14] [15] . Preoperative virtual reality (VR) simulation of TPED may help improve surgical efficiency and surgeons' confidence as well as decrease radiation exposure.
In surgery, a detailed and clear anatomy understanding of the surgical target and surrounding tissue plays a very important role in safety and surgical outcomes. Feasibility studies have attempted to simulate TPED for surgeons in software based on 3D views prior to surgery 16, 17 . As a novel technology, VR is receiving increasing attention and has bright prospects in many medical fields when surgical planning, pain management, and therapeutic treatment of mental illness are considered 18, 19 . In terms of surgical planning, the benefits of VR have been demonstrated in preoperative planning for various surgeries [20] [21] [22] . The successful application of VR in surgical planning can be explained by the overwhelming advantages over simple 3D simulation. VR enables more accurate, realistic, vivid, and intuitive surgical analysis. However, the application of VR in spinal surgery is very limited, and it has been suggested that the paucity of neurosurgical simulator devices in the spine discipline is the greatest issue within the neurological surgical subspecialty 23 . To the best of our knowledge, no reported study has adopted VR technology in simulating TPED prior to surgery.
In previous studies, we introduced an isocentric navigation system based on two-dimensional image planning for TPED 24, 25 . The surgical planning for TPED based on twodimensional images is certainly limited and not very efficient. However, we must acknowledge that foraminotomy is the key to the success of TPED. The reliance on surgeon experience for preoperative location and repeat intraoperative fluoroscopy in the puncture-channel process make TPED difficult to standardize, which also affects TPED's development. The aim of the study is to explore the feasibility of applying VR in TPED combined with isocentric navigation in cadavers.
The use of VR is becoming increasingly popular, and previous research has revealed that isocentric navigation is beneficial for lumbar surgery. The aim of the study was: (i) to verify whether it is feasible to apply VR in preoperative planning; (ii) to research the feasibility of VR combined with isocentric navigation in TPED; and (iii) to explore whether VR could improve intraoperative procedures in TPED.
Materials and Methods

General Information
Participates The study was approved by the local institutional review board (2015-RES-127). From September 2015 to March 2018, a total of 12 cadaver specimens were included in the study, which were all from the Spinal Endoscopy Training Courses. There were eight male cadaver specimens and four female cadaver specimens. Ten cadaver specimens were intact; one had no upper limbs and one had no lower limbs. All the cadaver specimens had undergone no previous lumbar surgery. All the cadaver specimens had no obvious lumbar deformity or vertebrae fractures, as confirmed by X-ray fluoroscopy. All the involved operating processes and procedures met the specifications of the cadaver management standards.
Interventions
All specimens were placed in the prone position for the operation. A total of four experienced surgeons were asked to perform all the percutaneous punctures and the placement of the working channel. The surgical levels were L 3 /L 4 and L 4 /L 5 as well as L 5 /S 1 of both sides of each cadaver specimen.
Comparisons First, the surgeon manually conducted the above procedures on the left side of every specimen without preoperative simulation and isocentric navigation (Group A). Then the same surgeon conducted the VR simulation for surgical planning of the right side (Group B). oAfter VR simulation, the same surgeon performed the percutaneous punctures and the placement of the working channel on the right side of the specimen at all levels.
Outcomes
We hypothesized that all surgical levels had central disc herniation, which was regarded as the surgical target of all trajectories. A successful puncture is defined as the tip of the needle docked in the superior facet joint of the inferior vertebrae, while the needle points to the surgical target. Placement success of the working channel is defined as the tip of the working channel arriving at the surgical target through the brim of the facet joint. The observational parameters included puncture frequency, puncture-channel time, and radiation exposure time.
Virtual Reality for Surgical Planning
All the specimens underwent CT scans of the lumbar prior to operation in prone position and the thin-layer CT images were saved as DICOM data, which were then imported into VR software (Fig. 1) . The software automatically reconstructed the skeleton of the lumbar (Fig. 2) . The surgeon was asked to wear the glasses and become immersed in the VR to have a spatial sense of the specific anatomy. Then, the surgeon selected the puncture target point and the software automatically generated a suboptimal puncture trajectory. After that, the surgeon could precisely calibrate the puncture trajectory in VR and present the working channel along with the puncture trajectory (Fig. 3) . The software will reveal how much bone you may remove for foraminotomy and automatically calculate the angle θ (between the trajectory and the coronary plane) and angle ξ (between the lateral axis that is perpendicular to the cephalocaudal axis on the coronal plane and the posterior projection of the trajectory, Fig. 4A ). These two angles can be used for isocentric navigation to guide the trajectory in practice.
Isocentric Navigation
The isocentric navigation for TPED has been well documented in previous literature 24, 25 (Fig. 4B) . Briefly, we attached two radiopaque grids to the back skin and lateral skin of the cadaver (Fig. 5A ). Then we conducted the X-ray fluoroscopy and identified the target point on anteroposterior fluoroscopy and lateral fluoroscopy. Given the relative relationship by two radiopaque grids, we identified the posterior projection point and the lateral projection point of the target on the back skin and the lateral skin, respectively. After that, we ensured that the posterior and lateral laser beams of the isocentric navigation were directed onto the two projection points (Fig. 5B) . As a result, every trajectory of the isocentric navigation always points to the center of the target. Then, we selected the trajectory based on the angle ξ and angle θ. Finally, a hard needle was inserted along with the selected trajectory. Considering a certain length of the radius, we can control the insertion depth of the hard needle.
Statistical Analysis
All the data was analyzed using the software package SPSS 12.0 (SPSS, USA). The data were presented as mean AE SD. Continuous variables between two groups were compared by Student's t test. Categorical variables between Group A and Group B were analyzed by χ 2 -test. P < 0.05 was regarded as statistically significant.
Results
Puncture Frequency
All procedures were completed successfully. At the L 3 /L 4 level, the puncture frequency was 3.14 AE 1.35 in Group A and 1.14 AE 0.36 in Group B (t = 4.926, P < 0.01). At the L 4 / L 5 level, the puncture frequency was 3.43 AE 1.65 in Group A and 1.36 AE 0.74 in Group B (t = 5.025, P < 0.01). It was 4.71 AE 1.38 in Group A and 1.50 AE 0.76 in Group B at the L 5 /S 1 level (t = 7.623, P < 0.01). This showed that VR combined with isocentric navigation could decrease puncture frequency at L 3 /L 4 , L 4 /L 5 , and L 5 /S 1 levels significantly (Table 1) .
Puncture-channel Time
At the L 3 /L 4 level, the puncture-channel time was 11.36 AE 2.13 min in Group A and 11.29 AE 2.23 min in Group B (t = 0.079, P = 0.938). There was no significant benefit in applying VR combined with isocentric navigation at the L 3 /L 4 A B (Table 3) .
Foraminotomy
For some cases, foraminotomy was needed to achieve satisfactory placement of the working channel. At the L 3 /L 4 level, there was no patient receiving foraminotomy in either group. At the L 4 /L 5 level, there were 7 patients receiving foraminotomy in Group A and 3 patients receiving foraminotomy in Group B (χ 2 = 2.280, P = 0.236). At the L 5 / S 1 level, there were 14 patients receiving foraminotomy in Group A and 13 patients receiving foraminotomy in Group B (χ 2 = 1.000, P = 1.000). This showed that VR combined with isocentric navigation did not decrease the need for foraminotomy (Table 4) .
Discussion
Difficulties of Mastering Transforaminal Percutaneous Endoscopic Discectomy
Puncture and working channel placement are the most challenging procedures for TPED, which rely on ideal trajectory planning and skillful manipulation of the surgeon. In this study, the combination of VR and isocentric navigation is found to be feasible, and it reduced the puncture frequency, the puncture-channel time, and the radiation exposure time.
Precision is the key to the success of minimally invasive spine surgery, when you try to arrive at the lesion using a tiny incision. Considering the complicated anatomy of the lumbosacral structure, surgical planning plays an important role in achieving precision in MISS, especially in TPED. This is because the trajectory of TPED is a cranial-caudal, dorsalventral, and lateral-medial approach through skin, subcutaneous tissue, muscle, and foramina. It is very tricky because the ideal trajectories for every lesion are limited. If you select an inappropriate trajectory, you may injure the nerve root or visceral organs or important vessels. Even when you select a suboptimal trajectory without any injuries, you may increase the difficulty of foraminotomy or of removing the herniated disc. The inconvenient truth is that the patient is sober on the operation table. Larger foraminotomy will induce more pain for the patient. In this study, we observed that VR combined with isocentric navigation had great potential to reduce the necessity for foraminotomy in practice.
Present Strategies to Help Master Transforaminal Percutaneous Endoscopic Discectomy
During the development of TPED, experienced surgeons have proposed a practical marking method for surgical planning. It is recommended that you can mark the entry point with a rough distance from the midline; namely, 8-10 cm for L 3-4 level, 11-14 cm for L 4-5 level, and 12-16 cm for L 5 S 1 level 26, 27 . However, the exact distance for every individual patient is judged by surgeons' experience based on the gender, body size, and anatomy of the patient 14 . Therefore, this process cannot be standardized. Marking the planned trajectory on the patient's skin is still associated with potential errors because the skin is flexible and surgeons tend to touch the skin a lot. Some studies have conducted surgical planning of TPED in numerical 3D models reconstructed by thin-layer CT 16, 17 . However, surgeons still may not have a strong spatial sense of the planned trajectory, especially in practice without any reference for the planned trajectory.
Virtual Reality Combined with Isocentric Navigation in Transforaminal Percutaneous Endoscopic Discectomy
Virtual reality technology has existed for many years, but use was originally limited to, for instance, the military and space flight practice due to the large and expensive hardware required. As the hardware is evolving, VR is becoming a popular technology and has been applied in a wide range of fields, including surgical training 28 , rehabilitation 29 , psychological therapy 30 , and pain management 31 . The core of VR technology is simulation, which enables an immersive interactive environment based on computable information. In the virtual environment, users interact with objects in a natural manner with the aid of necessary devices, thereby generating feelings and experiences that are almost the same as in the real world environment. We believe that immersed feedback from VR allows the surgeon to develop a more accurate spatial concept of the ideal trajectory, and how much bone should be removed for foraminotomy. The exciting thing is that VR can be perfectly combined with isocentric navigation for intraoperative procedures. It has been indicated in this study that VR combined with isocentric navigation could significantly reduce puncture frequency, puncture-channel time, and radiation exposure.
Limitations Some issues should be clarified when interpreting the data of this study. First, this feasibility study did not investigate the potential merits of applying VR in training surgeons for TPE. This is because we have not developed a force-feedback module for simulating foraminotomy. We do believe that VR combined with isocentric navigation also has potential to train junior surgeons for TPED. However, because the purpose of the study is to investigate the feasibility of combining VR and isocentric navigation for TPED, we still believe that this study has significance in improving intraoperative navigation with precise surgical planning. Second, we only hypothesized that all the specimens had central disc herniation at each level due to the limited number of specimens. Thus, VR combined with isocentric navigation for conditions with other types of disc herniation will be investigated in future clinical applications.
Conclusion
Virtual reality combined with isocentric navigation is feasible in TPED with advantages including precise surgical planning and improved intraoperative procedures, and has the potential to be applied in clinical practice.
